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Subject Editor: Martin Solan. Accepted 26 March 2010 Consumer identity, abundance and nutrient concentration affect 
epiphyte diversity in an experimental eelgrass system  Sybill  Jaschinski ,  Sabine  Fl ö der and  Ulrich  Sommer  
 S. Jaschinski (sjaschinski@ifm-geomar.de) and U. Sommer, Experimental Ecology, IFM-GEOMAR Leibniz Inst. of Marine Sciences, 
D ü sternbrooker Weg 20, DE – 24105 Kiel, Germany.  – S. Fl ö der, Natl Inst. for Water and Atmospheric Research Ltd (NIWA), 10 Kyle Street, 
Riccarton, Christchurch 8011, New Zealand.  Conceptual models predict a unimodal eﬀ ect of consumer abundance on prey diversity with the highest diversity at 
intermediate consumer abundance (intermediate disturbance hypothesis). Consumer selectivity and prey productivity are 
assumed to be further important determinants. Preferential grazing on dominant prey species favoured by high nutrient 
supply is supposed to increase prey diversity, whereas the eﬀ ect of consumers on prey diversity may be negative under low 
nutrient conditions (grazer reversal hypothesis). We tested the eﬀ ect of four common consumers the isopod  Idotea baltica , 
the amphipod  Gammarus oceanicus , and the gastropods  Littorina littorea and  Rissoa membranacea on diversity and composi-
tion of epiphytes growing on eelgrass  Zostera marina . Consumer density was manipulated (four levels: grazer free control, 
low, medium, high) based on abundances observed in eelgrass systems. Additionally, we manipulated nutrient supply (three 
levels) and the presence of  Idotea in a factorial experiment. Th e impact of consumer abundance on epiphyte diversity varied 
depending on consumer identity and epiphyte evenness was aﬀ ected rather than species number in this short-term experi-
ment.  Idotea reduced epiphyte diversity (Shannon-Wiener index H ’ ) and  Gammarus increased epiphyte diversity.  Littorina 
had no eﬀ ect at low and medium abundance, but a negative eﬀ ect in the high density treatment. Only  Rissoa supported the 
conceptual models as it caused the proposed unimodal pattern in epiphyte diversity. Th e varying species-speciﬁ c selectivity 
of the studied consumers is likely to explain their diverse impact on epiphyte diversity. Nutrients enhanced epiphyte diver-
sity at medium enrichment, whereas higher nutrient supply reduced epiphyte diversity. Th e eﬀ ect of  Idotea changed from 
negative at low nutrient concentration to positive at higher nutrient supply, supporting the grazer reversal hypothesis. Th is 
study implies that consumer species identity and nutrient concentrations are important in controlling prey diversity and 
composition. Diﬀ erent consumer selectivity and changes in selectivity with growing consumer abundance and nutrient 
concentration are the causal factors for this eﬀ ect. Local diversity of autotrophic organisms is regulated by local 
processes such as competition, grazing and abiotic conditions 
and by large-scale processes such as dispersal, speciation and 
connectivity (Hillebrand and Blenckner 2002, Hillebrand 
2003). 
 Consumers remove prey biomass and, thus, have the 
potential reduce prey diversity and to cause local extinctions. 
Consumers that feed preferentially on the most dominant 
prey species, on the other hand, promote the existence of 
competitively inferior species, and therefore maintain diver-
sity (Paine 1966, Lubchenco 1978, Olﬀ  and Ritchie 1998, 
Hillebrand et al. 2000, Hillebrand and Shurin 2005). Th ese 
contrasting mechanisms result in a wide variety of consumer 
eﬀ ects on prey diversity, which have been reported to be 
negative, positive or absent (reviewed by Chase et al. 2002, 
Hillebrand and Shurin 2005). 
 By analogy to the  ‘ intermediate disturbance hypoth-
esis ’ (Connell 1978) consumer density and grazing pressure 
are assumed to have a unimodal impact on prey diversity 
(Abrams 2001). Low and high consumer abundances are assumed to reduce prey diversity, because competitive 
 exclusion increases in the absence of consumers and only few 
resistant prey species will be able to withstand high grazing 
pressure (Lubchenco 1978, Huston 1979, Sommer 1999a). 
An intermediate grazing pressure will prevent competitive 
exclusion, while being too moderate to remove high levels 
of biomass and to cause local extinction. Th e highest prey 
diversity is, therefore, thought to be associated with interme-
diate levels of consumer density (Abrams 2001). In contrast 
to abiotic (physical) disturbance, however, inconsistent biotic 
disturbances like grazing can not be described by intensity 
and frequency alone. Th e eﬀ ects of grazing on prey diversity 
depend on community composition and functional diversity 
of the consumer community. 
 Traditionally, small invertebrate herbivore consum-
ers (mesograzers) have been considered as a homogeneous 
functional group in marine macrophyte systems, but more 
recent studies emphasize the importance of functional dif-
ferentiation even among superﬁ cially similar consumer 
species (Duﬀ y et al. 2001, Moore et al. 2007, Jaschinski 1745
and Sommer 2008). Most studies on the eﬀ ect of grazing 
on plant diversity in aquatic systems concentrated on the 
impact of naturally occurring consumer assemblages (Proulx 
and Mazumder 1998, Worm et al. 2002, Hillebrand 2003). 
Studies that tested the inﬂ uence of multiple mesograzer spe-
cies on prey diversity independently are scarce in aquatic sys-
tems (Sommer 1999a, R å berg and Kautsky 2007), although 
early studies recognised the importance of consumer special-
ization for their impact on prey diversity (Porter 1973, 1977, 
Lam and Frost 1976, Lubchenco 1978). 
 Selective grazing may increase species diversity and sta-
bilize community structure, if the functional response of 
the consumer is density dependent (Lam and Frost 1976), 
and if the most abundant species is continually selected for 
(switching). Cropping of the most abundant species would 
allow more rare species to increase their abundance until 
those species themselves become the object of selective graz-
ing (Porter 1977, Chesson 2000). If selective consumers are 
highly specialized and consumers feeding on abundant spe-
cies are more common than those feeding on rare species, 
this may also tend to maintain species diversity (Pacala and 
Crawley 1992, Hillebrand and Shurin 2005). Selective con-
sumers aﬀ ect species diversity in a negative way only if rare 
species are chosen and eliminated by intense feeding. Diver-
sity may also decrease due to non-selective grazing, if intense 
grazing leads to the extinction of rare species (Porter 1977). 
In benthic communities, unselective grazing of a gastropod 
increased spatial heterogeneity, which leads to an increase in 
diversity (Sommer 2000). France and Duﬀ y (2006) found 
that the active selection of favourable algae by mobile small 
crustacean grazer species can increase temporal and spatial 
variability of algal biomass creating a heterogeneity that may 
also increase algal diversity. 
 Furthermore, the eﬀ ect of grazing on plant diversity is 
supposed to be dependent on the productivity of the system. 
Increasing nutrient supply, and thus productivity generally 
enhances growth and dominance of few highly edible spe-
cies (Proulx and Mazumder 1998). Under such conditions, 
the eﬀ ect of consumers on diversity may be positive as long 
as they graze on the most common algal species (Worm 
et al. 1999) and grazing pressure is high enough to control 
biomass production. Th e eﬀ ect may be reversed at low pro-
ductivity, where grazing may reduce diversity and cause local 
extinction (grazer reversal hypothesis, Proulx and Mazumder 
1998). 
 To investigate the eﬀ ect of consumer density and consumer 
specialisation on prey diversity and community composition, 
we tested the eﬀ ect of four consumer species on epiphyte 
diversity in experimental eelgrass systems. Th e isopod  Idotea 
baltica (hereafter  Idotea ), the amphipod  Gammarus  oceanicus 1746
Grazer abundance
Density (m 2 )
low medium
 Gammarus  80 160
 Idotea 128 256
 Littorina  64 128
 Rissoa 320 640(hereafter  Gammarus ) and the gastropods  Littorina littorea 
(hereafter  Littorina ) and  Rissoa membranacea (hereafter 
Rissoa ) are the most common mesograzers in eelgrass systems 
in the western Baltic Sea. All four studied consumers are 
known to graze on epiphytes, but they have diﬀ erent feeding 
modes (crustaceans   ‘ lawn-mower ’ , gastropods   ‘ bulldozer ’ 
Sommer 1999a) and vary in their selectivity. Seasonal and spa-
tial abundance patterns diﬀ er strongly for the dominant con-
sumer species studied (unpubl.), implying that their impact 
on epiphyte diversity also varies in the course of the year. 
 Combined eﬀ ects of grazing and productivity on algal 
diversity and community composition were studied by 
manipulating grazing pressure (two levels) of the most com-
mon mesograzer in the Baltic Sea ( Idotea ) and nutrient 
supply (three levels) in a factorial experiment. 
 Methods 
 Consumer abundance experiments 
 We conducted four mesocosm experiments in summer 2002 
to test the eﬀ ect of four common consumer species on the 
diversity of epiphytes growing naturally on eelgrass. A pre-
liminary study had shown that the qualitative and quan-
titative composition of epiphytes in the ﬁ eld is relatively 
similar from May to September. All control treatments of 
our experiments had a relatively similar epiphyte commu-
nity dominated by stalked diatoms except the experiment 
with  G. oceanicus , where diatom chains were the main algal 
growth form in the control treatment. 
 Th e experiments took place in a temperature controlled 
room. Six 125-l aquaria (50  50  50 cm) were divided 
into four compartments resulting in 24 mesocosm units 
(25  25  50 cm). Summer conditions were established 
with respect to light, temperature and nutrients. Th e aquaria 
were illuminated by HQI-lamps with a 16:8 h day:night 
cycle. Th e light intensities corresponded to 100  μ mol m 2 s 1 
at the water surface. Water temperature in the aquaria was 
18.6 ° C  0.3). Water from the Kiel Fjord (salinity: 14.1 
PSU  2.2), ﬁ ltered with a 0.8  μ m membrane ﬁ lter, was 
circulated continuously by pumps and up to 90% was 
exchanged every day. Periphyton growing on the walls was 
removed every day before the water exchange. 
 Th e mesocosms were ﬁ lled with 1 mm-sieved homog-
enized sediment (5 cm depth), and after 24 h 20 freshly 
harvested eelgrass shoots were planted in each mesocosm 
(320 shoots m 2 , average abundance in the Kiel Fjord in 
summer). Th e following day, the mesocosms were stocked 
with consumers. All experimental material was collected at  Table 1. Consumer abundance in the consumer density experiments. Shown are density and biomass per square meter of Gammarus, Idotea, 
Littorina and Rissoa in treatments with low, medium and high abundance of the four studied mesograzer species.Biomass (g AFDM m 2 )
high low medium high
 320 0.24 0.48 0.96
 512 0.48 0.96 1.92
 256 0.96 1.92 3.84
1280 0.24 0.48 0.96
Falkenstein Beach in the inner Kiel Fjord, Germany. Each 
experiment included four treatments: a grazer-free control 
and low, medium and high density of one consumer spe-
cies (Table 1). Consumer abundances were chosen based on 
ﬁ eld densities in summer according to monitoring data for 
eelgrass associated macrofauna in the Kiel Bight (four sta-
tions, 1997 – 2001). Th e average of all stations and years was 
used as medium density for the four consumer species. Half 
of this abundance represented the low density treatment and 
we doubled the average in the high density treatment. Th us 
the total range of naturally occurring densities was tested in 
our study. 
 Each treatment was replicated in six independent meso-
cosms in a randomized block-design, with all treatments in 
one aquarium regarded as one block. 
 To avoid the occurrence of overgrazing and crustacean 
cannibalism all experiments were terminated after ten days. 
At this time, the eelgrass was harvested, placed in plastic 
bags, and stored frozen until further processing. 
 Nutrients versus Idotea grazing experiment 
 In July 2003 we conducted a mesocosm experiment to test 
the eﬀ ect of nutrient enrichment and grazing of  Idotea  – the 
most important consumer in vegetated areas in the Baltic
Sea  – on epiphyte diversity under the same experimental 
conditions as in the previously described experiments except 
that 18 aquaria (125 l) were used as mesocosm units and that 
the ﬁ ltered water was kept in three reservoirs and enriched 
with NaNO 3 and NaH 2 PO 4 according to treatment level. 
Half of the mesocosms were stocked with 64  Idotea each 
(256 m 2 ), which was equivalent to the medium density 
treatment in the other experiment with  Idotea . 
 Th e experiment was conducted with a factorial combina-
tion of three nutrient levels and grazing/no grazing activity. 
Nutrients (N  P) were applied at ambient, moderate and high 
concentrations in pulsed daily additions using ﬁ ltered reservoir 
water. Ambient concentrations were characteristic for the Kiel 
Fjord in summer (4  μ mol l 1 N and 0.25  μ mol l 1 P), moder-
ate concentrations were two-fold enriched and high concen-
trations were four-fold enriched. Th e highest nutrient level 
is representative for regions with a strong decline of eelgrass 
(Neckles et al. 1993). Th e silicate level was high (16  μ mol l 1 ). 
Each of the six treatment combinations was replicated three 
times. 
 Nutrient concentrations (nitrate and nitrite, ammonium, 
phosphate and silicate) were measured on a daily basis using 
an autoanalyser. 
 Additionally we show complementary results from 
another experiment where we manipulated grazer identity 
and diversity under high nutrient regime (four-fold enriched) 
using a similar experimental design (for details see Jaschinski 
et al. 2009). 
 Taxonomic composition and diversity of epiphytes 
 Two eelgrass shoots out of each mesocosm were carefully 
scraped with a plastic scraper and a scalpel to transfer attached 
epiphytes into 250 ml of ﬁ ltered seawater. Th e samples were 
ﬁ xed with 1% Lugol ’ s iodine and subsamples were counted 
under an inverted microscope in 3 ml Uterm ö hl-chambers. Epiphyte biovolume was used as a proxy for biomass fol-
lowing the method of Hillebrand et al. (1999). We normal-
ized epiphyte biovolume to per unit eelgrass surface area. 
Two aspects of diversity, the Shannon-Wiener index (H ’ ) 
and evenness (Pielou ’ s J) were calculated from biovolume 
 proportions (Hillebrand and Sommer 2000). 
 Epiphyte biomass and grazing rates 
 Total epiphyte biomass was measured using chlorophyll a 
as a proxy. Six eelgrass shoots were randomly selected from 
each mesocosm. Epiphytes were carefully scraped from the 
eelgrass leaves and transferred to small amounts of ﬁ ltered 
sea water. Th is suspension was ﬁ ltered on precombusted 
(450 ° C, 24 h) Whatmann GF/F ﬁ lters. Chlorophyll a con-
centration was calculated according to Lorenzen (1967). Th e 
cleaned eelgrass blades were dried to a constant weight for 
48 h at 60 ° C and subsequently combusted for 8 h at 540 ° C 
to determine the ash-free dry mass (AFDM). Th e eelgrass 
surface area was calculated using the formula surface area 
(mm 2 )  AFDM (g)  588.88 (R 2  0.97), determined by 
measuring and weighing 100 eelgrass shoots. All epiphytic 
chlorophyll concentrations were normalized to unit eelgrass 
surface area. 
 To compare the eﬀ ects of consumer identity and abun-
dance on epiphyte biomass, we estimated grazing eﬀ ects. We 
calculated the  ‘ collective ’ grazing eﬀ ect, the raw diﬀ erence 
between grazing and control treatments for all consumers 
and densities. 
 Statistics 
 To test for diﬀ erences between experiments, one-factorial 
ANOVAs were conducted on grazer-free controls (H ’ , even-
ness, species number). Diﬀ erences between treatments were 
tested with Tukey ’ s test. 
 Th e inﬂ uence of consumer abundance on epiphyte diver-
sity (H ’ , evenness, species number) was initially analysed 
using randomized block ANOVAs, in which the diﬀ erent 
abundances were considered ﬁ xed factors. Th e block eﬀ ect 
was non-signiﬁ cant for all analyses, therefore the block 
factor was ignored and the data were reanalysed with a one-
factorial ANOVA. Diﬀ erences between treatments were 
tested with Tukey ’ s test. 
 We conducted MANOVAs to test the signiﬁ cant eﬀ ect 
of the diﬀ erent consumers on the epiphyte composition. 
As recommended for interdependent response variables 
(Scheiner 1993), the analysis was performed with the 
Pillai ’ s trace statistic. Th e analyses were restricted to species 
that contributed 0.1% of algal biovolume. To investigate 
the eﬀ ect on single algal species, we conducted one-factorial 
ANOVAs. Th e signiﬁ cance levels were Bonferroni-adjusted 
to account for multiple testing (Tukey ’ s test). 
 A two-factorial ANOVA was used to test for signiﬁ cant 
eﬀ ects of the independent factors nutrient enrichment and 
grazing on epiphyte diversity. We conducted a two-factorial 
MANOVA to test for signiﬁ cant eﬀ ect on epiphyte composi-
tion. All data were ln-transformed. To investigate the eﬀ ects 
on single epiphyte species, we conducted two-factorial 
ANOVAs. Th e signiﬁ cance levels were Bonferroni-adjusted 
to account for multiple testing (SNK-test). 1747
 Results 
 Effects of consumer identity and abundance on 
epiphytes 
 We found no signiﬁ cant diﬀ erences between epiphyte diver-
sity (H ’ ), evenness and species number among the control 
treatments of our four consumer density experiments. 
 Grazing of the four studied consumers had signiﬁ cant 
but opposing eﬀ ects on epiphyte diversity (H ’ ) (Fig. 1). 
Th e isopod  Idotea signiﬁ cantly reduced H ’ with increasing 
abundance and the amphipod  Gammarus had a signiﬁ -
cantly positive eﬀ ect on H ’ , which increased with increasing 
abundance. Th e eﬀ ect of  Littorina on H ’ was signiﬁ cantly 
negative only in the high abundance treatment.  Rissoa signif-
icantly increased H ’ in the low density treatment compared 
to controls, but with increasing abundance H ’ decreased sig-
niﬁ cantly. Th e species-speciﬁ c consumer eﬀ ect on evenness 
followed the same pattern as the eﬀ ect on H ’ (Fig. 2). Only 
 Littorina had a signiﬁ cant eﬀ ect on epiphyte species number 
(unpubl.), which decreased under high grazing pressure. 
 Epiphyte composition was clearly dominated by diatoms, 
which constituted 74 to 99% of epiphyte biovolume, but small 
ﬁ lamentous algae were also present. Cyanobacteria were rare and 
therefore omitted from analyses. Filamentous algae were mostly 
represented by the red alga  Acrochaetium secundatum and the 
brown alga  Myrionema sp. Other genera like  Ceramium ,  Pilayella 1748
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2.5and  Polysiphonia occurred erratically. Th e diatoms showed a high 
level of diﬀ erentiation in growth form and cell size. Th e most 
important prostrate diatom species was the strongly adhering 
 Cocconeis scutellum , mobile forms were represented by various 
 Amphora ,  Diploneis ,  Gyrosigma ,  Navicula and  Pleurosigma species. 
Stalked forms mainly consisted of  Licmophora debilis , whereas 
 L. gracilis ,  L. communis ,  Fragilaria ulna ,  Achnanthes brevipes and 
A. minutissima were of minor importance concerning epiphyte 
biovolume. Th e only tube-living diatom was  Berkeleya rutilans 
and diatom chains were represented by  Melosira nummuloides 
and  Grammatophora marina . 
 Th e four studied consumers inﬂ uenced the composition 
of epiphytes signiﬁ cantly (Table 2). Th e grazing of  Idotea 
had a strong negative eﬀ ect on the absolute abundances of 
diatom chains, ﬁ lamentous algae, most stalked diatoms and 
the tube-living  B. rutilans (Table 3). Th e prostrate species 
 C. scutellum proﬁ ted from the grazing eﬀ ect on the other 
growth forms.  Gammarus had a similar negative inﬂ uence 
on diatom chains and ﬁ lamentous algae and a positive eﬀ ect 
on the abundance of the stalked species  L. debilis and the 
prostate  C. scutellum .  Littorina grazed unselectively on all 
present algae. Except for  Myrionema sp. the abundance of all 
epiphyte species was signiﬁ cantly reduced. Th e presence of 
 Rissoa reduced the abundance of the stalked species  A. brevi-
pes and  L. debilis , diatom chains,  B. rutilans and ﬁ lamentous 
algae. Low and medium densities of  Rissoa enhanced the 
growth of  F. ulna and  Myrionema sp., whereas high grazing Grazer abundance
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Species Pillai’s trace value F p
 Idotea 2.51 9.7   0.0001
 Gammarus 2.64 9.5   0.0001
 Littorina 2.10 3.6   0.0001
 Rissoa 2.89 35.6   0.0001pressure reduced their abundance. We found a general posi-
tive eﬀ ect of  Rissoa on  C. scutellum. 
 All studied mesograzers had a signiﬁ cant negative impact 
on total epiphyte biomass compared to grazer-free controls 
(Table 4), but the strength of this eﬀ ect varied among the dif-
ferent species.  Littorina had the strongest eﬀ ect on epiphyte 
accumulation, whereas  Gammarus had the lowest impact, 
which furthermore was independent of  Gammarus abun-
dance. Th e eﬀ ect of  Idotea increased from low to mean abun-
dances of this species, but high abundances did not result in a 
further increase of the grazing eﬀ ect. Higher densities of both 
gastropods caused a continuously stronger grazing eﬀ ect. 
 Effects of nutrients versus Idotea on epiphytes 
 Both nutrients and  Idotea grazing signiﬁ cantly aﬀ ected 
the diversity (H ’ ) of epiphytes in the factorial experiment 
(Fig. 3A, Table 5). Nutrients at medium concentrations 
enhanced epiphyte diversity in the absence of grazing (Tukey 
HSD, p  0.01), higher nutrient supply reduced diversity 
once again compared to medium nutrient concentrations 
(Tukey HSD, p  0.005).  Idotea grazing decreased epiphyte 
diversity at ambient nutrient concentration compared to the 
grazer free controls (Tukey HSD, p  0.003), whereas diver-
sity was increased at medium (Tukey HSD, p  0.045) and 
high (Tukey HSD, p  0.001) nutrient supply (signiﬁ cant 
 interaction, Table 5). Epiphyte evenness followed the same 
pattern (Fig. 3B).  Th e selectivity of  Idotea increased with increasing nutri-
ent concentrations (Table 6). Under ambient nutrient sup-
ply  Idotea reduced the abundance of nearly all epiphyte 
species, only the stalked  A. brevipes was not aﬀ ected and the 
prostrate  C. scutellum proﬁ ted under these conditions (epi-
phyte biomass  0.20  μ g chl a cm 2 eelgrass). At medium 
nutrient supply the negative impact was reduced to  F. ulna , 
G. marina ,  M. nummuloides and the red algae  A. secundatum 
(epiphyte biomass  0.28  μ g chl a cm 2 eelgrass). Only the 
diatom chains  G. marina and M . nummuloides were nega-
tively aﬀ ected by  Idotea when the nutrient supply was high 
(epiphyte biomass  1.06  μ g chl a cm 2 eelgrass). 
 Nutrient enrichment at medium level had a signiﬁ cant 
positive eﬀ ect on the large stalked species  A. brevipes and 
 F. ulna , on both chain-forming diatom species and on  Figure 2. Evenness of epiphytes growing on eelgrass in experiments with natural abundances of four common grazers found in northern 
temperate macrophyte systems. Shown are mean values (n  6) and standard deviations. Signiﬁ cant diﬀ erences (Tukey HSD) between 
treatments are denoted by diﬀ erent letters.  Table 2. Results of the MANOVA of consumer impact on epiphyte 
composition. The analysis was performed with the Pillai ’ s trace 
statistic as recommended for interdependent response variables 
(Scheiner 1993). Table entries are Pillai ’ s trace value, F-ratios and 
signiﬁ cance levels (p).  1749
Grazer species
Epiphyte species
 Idotea  Gammarus  Littorina  Rissoa 
Effect p Effect p Effect p Effect p
Prostrate diatoms
 Cocconeis scutellum    < 0.001     < 0.001    < 0.001    < 0.001 
Diatoms on stalks
 Achnanthes brevipes     < 0.001 no 0.353    0.005    < 0.001 
 Fragilaria ulna     < 0.001 no 0.285    < 0.001    /  0.003 
 Licmophora debilis    < 0.001    < 0.001    < 0.001    < 0.001 
Diatom chains
 Grammatophora marina     < 0.001 no 0.456    < 0.001   0.010
 Melosira nummuloides     < 0.001     < 0.001    < 0.001    < 0.001 
Tube-dwelling diatoms
 Berkeleya rutilans    < 0.001 no 0.150    < 0.001    < 0.001 
Filamentous algae
 Acrochaetium secundatum     < 0.001     < 0.001    < 0.001     < 0.001 
 Myrionema sp .    < 0.001     < 0.001   0.155    /   < 0.001  A. secundatum (Table 6). High nutrient supply had a signiﬁ -
cant negative eﬀ ect on all epiphyte species with the excep-
tion of the chain-forming diatom  M. nummuloides and the 
tube-dwelling  B. rutilans . 
 Effects of consumer identity on epiphytes diversity 
under high nutrient supply 
 Epiphyte diversity (H ’ ; evenness) in controls and  Idotea and 
 Gammarus treatments did not diﬀ er after the ﬁ rst week of 
the experiment, but  Littorina signiﬁ cantly reduced epiphyte 
diversity by facilitating the growth of  M. nummuloides (Fig. 4). 
After three weeks the eﬀ ect of  Idotea and  Gammarus on epi-
phyte diversity was signiﬁ cantly positive, whereas  Littorina 
had no eﬀ ect at all. 
 Discussion 
 Our experiments revealed a species-speciﬁ c impact of 
mesograzers on the diversity of their epiphyte prey showing 
all possible eﬀ ects from neutral to positive or negative. Only 
the small gastropod  Rissoa caused a unimodal response as 
predicted by the  ‘ intermediate disturbance hypothesis ’ . Th e 
eﬀ ect of nutrients on epiphyte diversity depended on the 
supply; moderate enrichment caused an increase, whereas 1750
Grazing effect  μ g 
chl a cm 2 
Density (m 2 )
low medium high
 Gammarus 0.053 0.067 0.069
 Idotea 0.057 0.096 0.104
 Littorina 0.107 0.163 0.216
 Rissoa 0.042 0.119 0.151high nutrient concentrations reduced epiphyte diversity. 
Furthermore the impact of  Idotea changed from negative 
to positive with increasing nutrient supply supporting the 
 ‘ grazer reversal hypothesis ’ . Th e diﬀ erent passive and active 
selectivity of the four studied mesograzers determined their 
variable eﬀ ects on epiphyte diversity. 
 Effects of consumer abundance 
 Consumer eﬀ ects on plant diversity can be either positive or 
negative. Grazing may cause local extinction and reduce plant 
diversity, but plant diversity may increase due to grazing if 
dominant autotrophic species are consumed preferentially 
(Lubchenco 1978, Worm et al. 1999, Hillebrand et al. 2000). 
Th e intensity of the grazing pressure is yet another factor that 
may inﬂ uence the direction of the eﬀ ect of grazing on plant 
diversity.  ‘ Intermediate mortality ’ of plant species is supposed 
to promote coexistence of competing species, and thus high-
est plant diversity should occur under intermediate grazing 
pressure (Huston 1979, Sommer 1999a, Abrams 2001). 
 In our study, the eﬀ ect of natural densities of consumers 
on epiphyte diversity (H ’ , evenness) diﬀ ered considerably 
between the four species, the isopod  Idotea , the amphi-
pod  Gammarus , and the gastropods,  Littorina and  Rissoa . 
Changes in species evenness and dominance have important 
consequences for ecosystem functions long before species are 
driven to extinction. Furthermore, the distribution of spe-
cies is far more responsive to human activities than the total 
number of species (Hillebrand et al. 2008). 
 Th e small gastropod  Rissoa was the only species, which 
caused a unimodal response in epiphyte diversity as predicted 
by the  ‘ intermediate disturbance hypothesis ’ . Low densities 
of  Rissoa enhanced the growth of the adnate diatom  Cocconeis 
scutellum , the diatom species  Fragilaria ulna and the brown 
alga  Myrionema sp. and reduced the dominant stalked 
Licmophora debilis and the other algal species. Th is moderate 
selectivity increased epiphyte diversity compared to control 
treatments. Increasing densities of  Rissoa reduced all present  Table 3. Results of the ANOVAs of consumer effects on epiphyte composition, represented by the number of cells per species on 1 cm2 
eelgrass. Signiﬁ cant effects are shown in bold. The signiﬁ cance levels were Bonferroni-adjusted to account for multiple testing. Table 4. Grazing effects of the four consumer species. Shown is the 
 ‘ collective ’ grazing effect, the raw difference between grazing and 
control treatments for all consumers and densities. 
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ambient medium highalgae species, except  C. scutellum , which became the domi-
nant species. Epiphyte diversity decreased accordingly. 
 Littorina showed no selectivity in our experiment and 
exerted a strong grazing pressure on all present algal species, 
even on the strongly adhering prostrate diatom  C. scutellum . 
As a result, epiphyte diversity remained unchanged under low 
and intermediate densities of  Littorina . Except from a few 
 Myrionema sp. ﬁ laments that showed some grazing resistance, 
high densities of  Littorina virtually removed the entire epi-
phyte bioﬁ lm and caused a reduction of diversity. Th e selec-
tivity of  Littorina depends on the biomass level of the algal 
assemblage (Sommer 1999b). Th e biomass of epiphytes in our 
experiment was in a range (  1  μ g chl cm 2 ), where the peri-
winkle is supposed to graze rather unselectively. Th is mode of 
grazing probably prevented a positive eﬀ ect of intermediate 
grazing pressure of  Littorina as found in another experiment 
under higher productivity levels (Sommer 1999b). 
 Idotea had a consistently negative eﬀ ect on epiphyte diver-
sity. Th is consumer fed rather unselectively on all algal species 
with the exception of  C. scutellum , resulting in an increasing 
dominance of this species. Th e avoidance of this species can 
be described as a kind of passive selectivity. Since the ﬂ at cells 
of  C. scutellum are able to ﬁ rmly attach to the eelgrass epider-
mis by a mucilaginous secretion, they are resistant to  Idotea 
grazing. Grazing activity can, thus, promote the community 
dominance of tightly adhering diatoms such as  C. scutellum, 
which is an ecologically and numerically important diatom 
species on eelgrass leaves (Jacobs and Noten 1980). A simi-
lar eﬀ ect was found for the gastropod  Bittium varium graz-
ing on eelgrass epiphytes (van Montfrans et al. 1982) and Source of variation
Epiphyte diversity Epiphyte composition
DF F p DF F p
Grazing 1 6.2 0.029 9 58.3   0.001
Nutrients 2 89.7   0.001 18 51.6   0.001
Grazing  nutrients 2 34.9   0.001 18 11   0.001for  gastropods grazing on hard substrate (Nicotri 1977, 
Rosemond et al. 1993, Guerry 2008). 
 A clear positive eﬀ ect of grazing on epiphyte diversity was 
found for  Gammarus , a species, which feeds preferentially on 
ﬁ lamentous algae and on the chain forming diatom  Melosira 
nummuloides , the latter being the dominant algae species in this 
experiment. Stalked diatoms proﬁ ted under these conditions 
and epiphyte diversity increased accordingly. Th is enhancement 
of epiphyte diversity by grazing is well in line with the positive 
eﬀ ect of various consumers on plant diversity reported for ter-
restrial and aquatic ecosystems (Lubchenco 1978, Steinman 
1996, Collins et al. 1998, Hillebrand et al. 2000). A decrease 
of epiphyte diversity at higher  Gammarus densities than in this 
study and, thus a unimodal eﬀ ect of this consumer are improb-
able. Th e eﬀ ect on epiphyte biomass is not density-dependent 
for this species, and we found no signiﬁ cant diﬀ erence in the 
composition of the epiphytic assemblage between the medium 
and high consumer density treatments. Th ese results indicate 
that  Gammarus is only capable of feeding on part of the bio-
mass of ﬁ lamentous algae and of diatom chains. 
 Th e four species tested in this study represented the full range 
of consumer eﬀ ects on prey diversity that has been reported in 
the literature (Chase et al. 2002, Hillebrand and Shurin 2005). 
Th e degree of passive and active selectivity of consumers deter-
mined whether the eﬀ ect of grazing on epiphyte diversity was 
neutral, negative, positive or unimodal. Highly selective grazing 
( Gammarus ) had a positive eﬀ ect on epiphyte diversity, the eﬀ ect 
of unselective grazing limited by a passive selectivity ( Idotea ) was 
negative, unselective grazing ( Littorina) had no eﬀ ect at low and 
medium densities and a negative eﬀ ect at high densities. Only 
density-dependent moderate selectivity ( Rissoa ) caused the uni-
modal eﬀ ect that corresponds to the  ‘ intermediate disturbance 
hypothesis ’ (Connell 1978, Abrams 2001). 
 Our results, therefore, strongly suggest that the identity 
and functional traits of consumers determine the eﬀ ect of 
grazing activities on epiphyte community composition and 
diversity. Th e four studied species are the dominant consum-
ers in eelgrass systems in the Kiel Bight with substantial sea-
sonal and spatial variation in their abundances (unpubl.) as 
seems typical of seagrass epifauna (Th om et al. 1995, Duﬀ y 
et al. 2001).  Littorina dominates the mesograzer assemblage  Figure 3. Epiphyte composition response (means  STD) to nutrient enrichment and grazing. (A) Epiphyte diversity (H ’ ), and (B) 
epiphyte evenness. Shown are mean values (n  3) and standard deviations.  Table 5. Results of two-factorial ANOVA/MANOVA on epiphyte 
diversity (H ’ ) and epiphyte composition responses to grazing of 
 Idotea and nutrient enrichment. 1751
Factor Epiphyte species
Grazing-ambient Grazing-medium Grazing-high Nutrient enrichment
Effect p Effect p Effect p Effect p
Prostrate diatoms
 Cocconeis scutellum   0.010   0.064 no 0.905    0.005 
Diatoms on stalks
 Achnanthes brevipes no 0.474 no 0.378 no 0.803    /   < 0.001 
 Fragilaria ulna    < 0.001    < 0.001 no 0.148    /   < 0.005 
 Licmophora debilis    0.002 no 0.937 no 0.708 no/   < 0.002 
Diatom chains
 Grammatophora marina    < 0.001    < 0.001    < 0.001    /   < 0.003 
 Melosira nummuloides    0.005    < 0.001    < 0.001    < 0.001 
Tube-living diatoms
 Berkeleya rutilans    0.001 no 0.329   0.034    < 0.001 
Filamentous algae
 Acrochaetium secundatum   0.069    < 0.001 no 0.568    /   < 0.002 
 Myrionema sp .   0.062 no 0.347 no 0.730 no   0.168at the station Falkenstein in spring and early summer fol-
lowed by an increase in  Idotea abundance and a dominance 
of  Rissoa in August and September.  Gammarus occurs at low 
densities throughout the year. Such variation in abundance/
dominance of individual species is likely to aﬀ ect the impact 
of mesograzers on natural epiphyte communities. 
 Effects of nutrient supply and grazing 
 We found varying eﬀ ects of grazing on epiphyte diversity 
under increasing nutrient supply. Th e eﬀ ect of  Idotea graz-
ing changed from negative at ambient nutrient concentra-
tions to positive under higher nutrient supply. Th e eﬀ ects of 
grazing and productivity were interactive as found in other 
studies (Liess and Kahlert 2007, R å berg and Kautsky 2007, 
Liess et al. 2009). Th ese results corroborate the hypothesis 
that the impact of consumers on plant diversity is linked to 
the resource supply and accordingly the productivity of a 1752
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3 weekssystem (Proulx and Mazumder 1998, Kondoh 2001, Worm 
et al. 2002). 
 In environments with low concentrations of nutrients plant 
diversity is supposed to be low because only few species are 
able to survive. Increasing nutrient availability will support the 
growth and survival of additional species, but further nutrient 
enrichment will decrease plant diversity (Huston 1979). Such 
a unimodal relationship between productivity and diversity is 
found in many studies, but there is a lot of variation in this 
relationship depending on the studied organism and scales of 
observation (Waide et al. 1999, Mittelbach et al. 2001). Sev-
eral theories try to explain the potential loss of diversity at high 
productivity (Rajaniemi 2003). Grime (1977) suggested that 
high nutrient concentrations promote fast-growing species 
which can outcompete other species and tend to dominate the 
communities. Our experiment supported this pattern. Several 
epiphyte species proﬁ ted from medium enrichment, but high 
nutrient supply caused a strong growth of  M. nummuloides as B
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8.0 Figure 4. Response of epiphyte diversity under high nutrient supply to medium grazing pressure of  Idotea (I),  Gammarus (G) and  Littorina 
(L), t0  start values, C  control. (A) Epiphyte diversity (H ’ ), and (B) epiphyte evenness. Shown are mean values (n  3) and standard 
deviations at the start of the experiment, after one week and three weeks.  Table 6. Results of two-factorial ANOVAs of  Idotea grazing and nutrient enrichment (ambient, medium, high) on epiphyte composition, 
represented by the number of cells per species on 1 cm 2 eelgrass. Signiﬁ cant effects are shown in bold. Signiﬁ cance levels were Bonferroni-
adjusted to account for multiple testing. 
found in other enrichment experiments (Hillebrand and Som-
mer 1997, Hillebrand et al. 2000). At medium nutrient sup-
ply, epiphyte diversity increased and at high nutrient supply it 
decreased accordingly. Our results on the eﬀ ects of grazing and 
nutrient enrichment on epiphyte diversity conﬁ rm the  ‘ grazer 
reversal hypothesis ’ (Proulx and Mazumder 1998), according 
to which grazing is supposed to reduce species richness under 
low nutrient concentrations because resources for regrowth are 
limited (Proulx and Mazumder 1998). Th e dominance of few 
strong competitors in nutrient rich systems, which are often 
fast-growing and highly edible species, makes it possible for 
consumers to increase diversity by preventing this dominance 
(Huston 1979). Th e consumer  Idotea attenuated the negative 
eﬀ ect of eutrophication on epiphyte diversity in our experi-
ment. Th e same eﬀ ect was found for  Th eodoxus, a gastropod 
grazing in an epiphyte-macroalgae community (R å berg and 
Kautsky 2007). However, this dampening eﬀ ect of grazing 
at high nutrient levels seems also to be species-speciﬁ c. Our 
additional experiment showed a positive eﬀ ect of  Idotea and 
 Gammarus on epiphyte diversity under high nutrient supply, 
whereas the grazing of  Littorina decreased diversity by facili-
tating  M. nummuloides . 
 Th e selectivity of  Idotea changed from rather unselec-
tive under ambient nutrient conditions  – all species except 
C. scutellum were grazed upon  – to a selective feeding of 
diatom chains and tube-living diatoms under high nutrient 
concentrations. Th is density-dependent prey selection (prey 
switching) (Chesson 2000) caused opposing eﬀ ects of grazing 
on prey diversity under diﬀ erent nutrient regimes. Sommer 
(1999b) showed a similar change in selectivity according to 
nutrient supply, respectively productivity level for  Littorina . 
 Prey switching is found in a variety of marine organ-
isms, i.e. copepods, rock crabs and ﬁ sh (Ki ø rboe et al. 1996, 
Buckel and Stoner 2000, Wong and Barbeau 2005). Since 
this mechanism provides a refuge for rare species and pre-
vents their extinction, it has been associated with the stabili-
zation of ecosystems. 
 We conclude that consumer identity, abundance, and sys-
tem productivity collectively determine the eﬀ ect of grazing 
on algal diversity. We found positive, negative and neutral 
eﬀ ects of mesograzers on epiphyte diversity; only the grazing 
eﬀ ect of one gastropod species ﬁ t the hypotheses that moderate 
grazing pressure generates the highest diversity in plant com-
munities (Connell 1978, Huston 1979, Abrams 2001). Our 
results conﬁ rm the importance of consumer selectivity and 
epiphyte composition in controlling the strength and direc-
tion of consumer eﬀ ects on plant diversity. Th e diﬀ erence in 
selectivity and resource use of consumer species is likely to be 
of essential importance for their community eﬀ ects on prey 
biomass, composition and diversity (Fox 2004). 
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